In this work, we investigate the effects of deposition conditions on the structural and morphological properties of AlInN thin films deposited on p-doped Si (111) 
Introduction
Owing to their unique properties 1) , III-nitride semiconductors have become increasingly important in applications such as light-emitting diodes 2) , laser diodes 3) or high-electron mobility transistors 4) and are intensively studied in other applications such as solar cells 5) or energy harvesting 6) . In the case of the ternary compound aluminum indium nitride (Al x In 1-x N), its band gap can be tuned from near infrared (InN: 0.7 eV 7) ) to deep ultraviolet (AlN: 6.2 eV 8) ), offering large possibilities to engineer the electronic structure for each specific application. For example, In-rich AlInN thin films have potential applications in multijunction solar cells since the band gap energy in the range from 0.7 to 2.4 eV covers most part of the solar spectrum 5) .
AlInN layers have been grown by different techniques, such as metal-organic chemical vapor deposition (MOCVD) 9) , molecular beam epitaxy (MBE) 10, 11) , and sputtering deposition [12] [13] [14] . Among them, the sputtering technique allows the deposition of AlInN at a low substrate temperature, because of the enhanced kinetic energy of the constituent ions given by the sputtering process of the targets itself. Although the films grown by MOCVD and MBE are single crystals, the sputtering process holds the advantage of preparing low-cost large-area polycrystalline AlInN films, which makes it feasible for scaling-up to the industry.
In this paper, we present a systematic study of the growth of In-rich Al x In 1-x N layers deposited by reactive radio-frequency magnetron sputtering directly on p-doped silicon (111) substrates. The crystal structure, layer morphology and optical properties of these films are investigated as a function of both the RF power applied to the Al target and the substrate temperature.
Experimental methods
Al x In 1-x N samples were deposited on p-doped Si (111) substrates using a reactive RF-sputtering system (AJA International ATC ORION-3-HV) by co-sputtering 2" confocal magnetron cathodes of pure In (4N5) and pure Al (5N) using pure nitrogen (6N) as reactive gas. The substrate temperature was monitored using a thermocouple placed in direct contact with the substrate holder. Once the substrates were loaded to the sputtering chamber, they were outgassed for 30 min at 550 C and then cooled down to the growth temperature. The targets and substrate were pre-sputtered with pure Ar (5N) plasma to remove surface contaminants. During the deposition of Al x In 1-x N, the distance between the targets and the substrate was fixed at 10.5 cm, and the nitrogen flow rate and, sputtering pressure were kept at 14 sccm, and 0.47 Pa, respectively, these parameters were previously optimized by our group 15) . The RF power applied to the indium target was kept constant at 40 W.
In the first set of samples (set A, samples S1-S6 in Table I ) the RF power applied to the Al target (P Al ) was varied from 0 to 150 W while keeping the substrate temperature at T s = 300 C. The second set of samples (set B, samples S6-S9 in Table I ) was grown at a constant P Al of 150 W and various T s values from 300 to 550 C.
The structural properties of the films were investigated by high-resolution X-ray diffraction (HRXRD) using an PANalytical X'Pert PRO MRD diffractometer. The surface morphology was evaluated by atomic force microscopy (AFM) in the tapping mode using a Veeco Dimension 3100 microscope. Data visualization and processing were carried out using WSxM software 16) . The morphology and thickness of the layers were studied by field-emission scanning electron microscopy (FESEM) using a Zeiss Ultra 55 microscope. Photoluminescence (PL) measurements were carried out with excitation using a 23 mW controlled-power laser diode (λ = 488 nm) focused onto a 50-µm-diameter spot. The PL emission was collected into a 45-cm-focal-length
Jobin-Yvon monochromator equipped with a charge-coupled-device (CCD) camera.
The carrier concentration of the layers grown under the same conditions on sapphire substrates was analyzed by Hall Effect measurements in the conventional Van der Pauw geometry at room temperature (RT). X-ray photoelectron spectroscopy (XPS) measurements were performed under ultra-high vacuum conditions (UHV, at a base pressure of 5×10 -10 mBar) on layers grown on sapphire substrates using a monochromatic Al K line as the exciting photon source (hν = 1486.7 eV). A hemispherical energy analyzer (SPHERA-U7 analyzer pass energy) was set to 20 eV for the XPS measurements to have a resolution of 0.6 eV. To compensate the built-up charge on the sample surface during the measurements, it was necessary to use a flood gun (Specs FG-500) with low-energy electrons of 3 eV and 40 A. The depth profile experiments were performed by alternating XPS measurements with cycles of Ar sputtering (Specs IQE-11A sputter gun).
Results and discussion

Structural and morphological characterization
The evolution of the crystalline structure of the AlInN films as a function of the RF power applied to the Al target (P Al ) was evaluated by HRXRD. Vegard's law 17) and assuming fully relaxed layers, evolves from x = 0 to 0.36 for this range of P Al (see Table I , samples S1 to S6). In the second set of samples (set B, samples S6-S9), P Al was kept constant at 150 W, while the substrate temperature was varied from T s = 300 to 550 C. From the 2/ω X-ray scan shown in Fig. 3 , the Al x In 1-x N (0002) diffraction angle barely changes, implying that there is almost no change in the alloy composition (x ≈ 0.36). Table I shows a summary of the evolution of the rms surface roughness of the Al respectively, as an example of sample S9). However, the growth rate decreases from 210 nm/h to 116 nm/h, owing to an increase in adatom mobility which leads to a higher desorption of physi-adsorbed atoms.
Optical properties
The evolution of PL intensity with temperature (T = 5 K -300 K) of the Al 0.36 In 0.64 N layer grown at 550 °C (S9) was investigated. The integrated PL intensity as a function of temperature is plotted in Fig. 5(b) . At room-temperature, the PL emission drops to 60% of that at a low temperature (T = 5 K).
This thermal stability is tentatively attributed to carrier localization in high In-content fluctuations or impurities. The thermal quenching of PL intensity, I(T), can be described considering one nonradiative recombination channel 18) :
where E a is the average energetic barrier required for carriers to escape from their localization and reach the nonradiative recombination centers, k B T is the thermal energy, and a is a fitting constant associated with a nonradiative-to-radiative recombination ratio. The agreement of experimental data to Eq. (1) . The obtained PL emission energy is 1.75 eV, approximately ̴ 0.5 eV higher than that expected in samples with low carrier concentration 19) , which is attributed to the Burstein-Moss effect 20) induced by the high residual carrier concentration of the layers.
Several sources of this high carrier concentration in high-In content AlInN alloys have been proposed, such as, nitrogen vacancies (V N ), and hydrogen and oxygen impurities [21] [22] [23] . XPS measurements of sample S9 (grown on sapphire) were performed to elucidate the existence of O impurities within the sample. The experiments were performed under UHV conditions of 5×10 -10 mBar to reduce the effect of layer contamination during etching. From these experiments, a homogeneously distributed O concentration of ̴ 4% was detected within the sample depth. This result is in agreement with the reported one by Bhuiyan et al. 23) and Yoshimoto et al. 24) , who observed a relationship between O concentration and the induced blue-shift of the emission of InN samples with similar oxygen contents. Thus, this impurity contamination could be an important factor for the high carrier concentration in the samples.
Conclusions
We 
